A polymer-stabilized blue phase liquid crystal display (BPLCD) with slanted wall-shaped electrodes is proposed. Compared with the traditional BPLCD with wall-shaped electrodes, the electrodes of the proposed BPLCD are slightly angled to obtain phase retardation in the entire cell even at the position of electrodes. The proposed BPLCD demonstrates a relatively higher average transmittance and overall brightness than the traditional BPLCD.
Owing to the continuous improvement in image quality of liquid crystal displays (LCDs), they have been widely employed in desktop monitors, TVs, and mobile displays at present [1−5] . With the development of LCDs, the polymer-stabilized blue phase LCDs (BPLCDs) [6−11] can replace the conventional LCDs and become the nextgeneration display technology. The polymer-stabilized BPLCDs have numerous attractive features, such as submillisecond gray-to-gray response time, alignmentlayer-free process, optically isotropic dark state, and cell gap insensitivity [12−14] . Because of these advantages, the fabrication processes of the BPLCDs are simplified, motion-image blurs are reduced, and color-sequential displays using RGB LEDs are enabled.
To reduce operating voltage and increase transmittance, various electrode configurations for BPLCDs have been proposed, such as protrusion electrode configuration, wall-shaped electrode configuration [12] , corrugated electrode configuration [13] , and so on. The wall-shaped electrode configuration produces uniformity in the induced birefringence between electrodes throughout the entire cell gap. BPLCDs with wall-shaped electrodes overcome the technical barriers of low transmittance and high operating voltage. However, no liquid crystal (LC) is placed above the wall-shaped electrodes to generate relative phase retardation. Hence, the transmittance above the electrodes is almost zero, which affects the brightness of the BPLCDs.
Thus, we propose a polymer-stabilized BPLCD with slanted wall-shaped electrodes. The electrodes of the proposed BPLCD have a slightly slanted angle relative to the traditional BPLCD with wall-shaped electrodes. Simulation results show that the proposed BPLCD has a higher aperture ratio and a relatively higher average transmittance than the traditional BPLCD. Figure 1 shows the structure of the proposed BPLCD with slanted wall-shaped electrodes where P and C correspond to pixel and common electrodes, respectively. The dashed rectangles represent the traditional wallshaped electrodes. The blue phase liquid crystal (BPLC) cell is sandwiched between two circular polarizers whose optical axes are orthogonal to each other. To obtain normally black mode, two broadband and wide-view circular polarizers consisting of positive and negative Aplates are employed [11, 15] . The dimensions of the slanted wall-shaped electrodes are defined as follows: w is the electrode width, l is the spacing between two adjacent electrodes, d is the LC cell gap which is equal to the height of the traditional wall-shaped electrode, and θ is a small tilted angle relative to the traditional wall-shaped electrodes which corresponds to a horizontal shift s. All of the parameters are of the same size which simplifies the fabrication process.
For BPLCD, the induced birefringence is based on the Kerr effect [14, 16] . At the voltage-off state, the cell shows a very good dark state because each small unit of the blue-phase cell is optically isotropic. At the voltage-on state, the cell exhibits a bright state because the induced birefringence takes place and the optic axis of the refractive ellipsoid aligns along the direction of the E vector. Thus, the BPLC becomes optically anisotropic. Such molecular reorientation results in a birefringence in the BPLC. The induced birefringence (∆n) ind can be expressed as [12, 13] 
where λ is the incident light wavelength, K is the Kerr constant, (∆n) 0 is the maximum induced birefringence, and E s is the saturation field. The induced birefringence (∆n) ind is described as (∆n) ind = (∆n) 0 (E/E s ) 2 when E < E s . It is also represented as (∆n) ind = (∆n) 0 when E E s . There is an abrupt change to prevent divergence. In reality however, the induced birefringence gradually saturates as the electric field increases because all the LC directors are eventually reoriented by the electric field. To avoid this problem, the extended Kerr effect model is used. In this model, the induced birefringence (∆n) ind can be described as [16, 17] (
where (∆n) sat is the saturated induced birefringence.
To evaluate the performance of the proposed structure, the electro-optic properties of the proposed BPLCD are simulated. The method is similar to the scheme described in Ref. [14] . First, COMSOL 3.5a software is used to obtain the distributions of the electric potential and the electric field E. Based on the electric field distribution, the distribution of the induced birefringence is calculated using Eq. (2) and the optic axis direction of each unit is assigned along the E vector. Subsequently, the electro-optic properties are calculated based on the extended Jones matrix methods [18] . In the simulations, the polymer-stabilized BPLC material has K = 12.68 nm/V 2 , (∆n) sat = 0.2, and E s = 5.6 V/µm at λ = 550 nm [11] . The refractive index of the BPLC is 1.5 at isotropic state [19] and the dielectric anisotropy is assumed to remain constant under different voltages. Figure 2 shows the simulated voltage-dependent transmittance (VT) curves of the traditional BPLCD at λ = 550 nm. In the simulation, four different electrode dimensions are compared. All the VT curves are normalized to the transmittance of the two polarizers (34.83%). In Fig. 2 , as the electrode height achieves a larger value with unchanged electrode width and spacing, the operating voltage decreases and the transmittance increases. When the electrode spacing and height remain constant, the electrode width decreases and the transmittance increases while the operating voltage remains unchanged. However, the operating voltage and transmittance may decrease if the electrode width and height remain constant and the electrode spacing is reduced. Therefore, to achieve a low operating voltage and high optical efficiency, larger electrode spacing and larger height, but smaller electrode width should be maintained. For convenience, the electrode width w = 2 µm, electrode spacing l = 5 µm, and d = 10 µm are employed in the simulations. Figure 3 shows the simulated VT curves with different horizontal shifts s at λ = 550 nm. In this case, s is varied from 0 to 6 µm. The peak of transmittance ranges from 67% to 80% (with corresponding operating voltage from 10 V RMS to 12 V RMS ). Thus, the larger the horizontal shift s, the higher the average transmittance. However, a larger horizontal shift s can affect the fabrication of the LC cell; the process becomes more complicated and the operating voltage increases slightly. Based on the analysis, this is caused by the uneven distribution of the electric field at the edges of the electrodes. The oblique of the electrodes enlarges the non-uniform area. Moreover, the area of the non-uniform electric field gradually increases with the increase of the horizontal shift s. On the other hand, the horizontal electric field is reduced when the voltage of the BPLC cell remains constant. From the two points, the utilization of the electric field is decreased. Thus, the applied voltage increases with the increase in the horizontal shift s. This facilitates obtaining the same phase retardation as the horizontal shift s = 0 µm. Generally, the slanted wall-shaped electrodes tilted at a small angle can help to increase the transmittance and the overall brightness of BPLCDs. Figure 4 shows the transmittance with respect to the position in a single electrode period for a BPLC cell. The curves with different values of horizontal shift s are simulated at the corresponding peak voltage V p of the maximum transmittance, as shown in Fig. 3 slanted wall-shaped electrodes. The proposed BPLCD obtains phase retardation anywhere in the BPLC cell. Therefore, the transmittance of the proposed BPLCD with slanted wall-shaped electrodes occurs everywhere in the BPLC cell, although the transmittance at the location of the electrodes is lower than that at the other place. As shown in Fig. 4 , the area of the maximum transmittance decreases when the horizontal shift s increases. This is caused by the increase of the area of the electrodes along the direction of the x-axis. An added reason is the transmittance at the location of the electrodes which is lower compared with the other area due to the oblique of the electrodes. However, as the horizontal shift s increases from 0 to 6 µm, the transmittance at the location of electrodes increases from 0% to 68%, which results in the improvement of the average transmittance, as shown in Fig. 3 . Therefore, if the aperture is defined as the place where the transmittance exceeds 25% of the maximum intensity [20] , we can state that the proposed BPLCD with slanted wall-shaped electrode configuration effectively improves the aperture ratio.
In conclusion, we propose a polymer-stabilized BPLCD with slanted wall-shaped electrodes. In this device, wallshaped electrodes are tilted with a small angle. The slanted wall-shaped electrode configuration enables the transmittance to occur everywhere in the BPLCD, which facilitates improvement of the brightness of the traditional BPLCDs with wall-shaped electrode configuration. The fabrication process is simplified because the same electrode dimension, gap, and tilted angle are employed. Although the slightly tilted electrodes complicate the fabrication process to a certain degree, the device exhibits a relatively high transmittance which occurs everywhere and increases the overall brightness.
